Primary cilia are ubiquitous sensory organelles that concentrate transmembrane signaling proteins essential for sensing environmental cues. Mislocalization of crucial ciliary signaling proteins, such as the tetrameric cyclic nucleotide-gated (CNG) channels, can lead to cellular dysfunction and disease. Although several cis-and trans-acting factors required for ciliary protein trafficking and localization have been identified, whether these mechanisms act in a protein-and cell-specific manner is largely unknown. Here, we show that CNG channel subunits can be localized to discrete ciliary compartments in individual sensory neurons in C. elegans, suggesting that channel composition is heterogeneous across the cilium. We demonstrate that ciliary localization of CNG channel subunits is interdependent on different channel subunits in specific cells, and identify sequences required for efficient ciliary targeting and localization of the TAX-2 CNGB and TAX-4 CNGA subunits. Using a candidate gene approach, we show that Inversin, transition zone proteins, intraflagellar transport motors and a MYND-domain protein are required to traffic and/or localize CNG channel subunits in both a cell-and channel subunit-specific manner. We further find that TAX-2 and TAX-4 are relatively immobile in specific sensory cilia subcompartments, suggesting that these proteins undergo minimal turnover in these domains in mature cilia. Our results uncover unexpected diversity in the mechanisms that traffic and localize CNG channel subunits to cilia both within and across cell types, highlighting the essential contribution of this process to cellular functions.
Introduction
Primary cilia are sensory organelles that are present on the surface of most cell types in metazoans. Cilia contain a microtubule-based axoneme surrounded by a specialized membrane that houses transmembrane signaling proteins essential for the ability of cells to sense and respond to their external environment (Drummond, 2012; Green and Mykytyn, 2010; Lancaster and Gleeson, 2009; Singla and Reiter, 2006) . In particular, localization of the tetrameric cyclic nucleotide-gated (CNG) cation channels to the ciliary membrane is crucial for the sensory functions of diverse cell types, including photoreceptors and olfactory sensory neurons (Fesenko et al., 1985; Menco, 1997; Nakamura and Gold, 1987) . Although several components of the trafficking mechanisms that target CNG channels to sensory cilia have now been identified (Jenkins et al., 2006; Jenkins et al., 2009; Kizhatil et al., 2009) , it is unclear whether similar mechanisms operate across all cell types, or whether distinct pathways contribute to the ciliary localization of CNG channels in a cell-specific manner.
CNG channels comprise A and B subunits whose exact stoichiometries are cell-type specific. For instance, whereas cone photoreceptor CNG channels contain two CNGA3 and two CNGB3 subunits, olfactory sensory neuron CNG channels contain two CNGA2, one CNGA4 and one CNGB1b subunit (Kaupp and Seifert, 2002; Pifferi et al., 2006) . The subunit stoichiometry regulates multiple aspects of channel function including cNMP specificity and affinity, ion permeation and gating kinetics, and must, therefore, be precisely regulated (Bönigk et al., 1999; Dzeja et al., 1999; Frings et al., 1995; Kaupp and Seifert, 2002) . However, although individual sensory neurons can express multiple A or B subunits, whether channel composition in their cilia is homogeneous, or varies as a function of location, has not been explored systematically.
Cilia are also essential for the functions of sensory neurons in the nematode C. elegans, and are formed by remarkably conserved mechanisms (Inglis et al., 2007; Vincensini et al., 2011) . As in other organisms, sensory cilia in C. elegans concentrate transmembrane signaling molecules including receptors and channels, and are essential for sensory signal transduction. Eight of the twelve sensory neuron types in the bilateral amphid organs of the head rely on cGMP-mediated signaling for chemo-and thermosensation (Bargmann and Horvitz, 1991a; Bargmann and Horvitz, 1991b; Bargmann and Mori, 1997; Bargmann et al., 1990) . These neurons express the tax-4 and tax-2 encoded CNGA and CNGB channel subunits, respectively; loss of function of either gene abolishes their sensory properties (Coburn and Bargmann, 1996; Dusenbery et al., 1975; Komatsu et al., 1996) . Both proteins localize to sensory cilia (Coburn and Bargmann, 1996; Komatsu et al., 1996) and are thought to play a role in primary sensory signal transduction. Heterologous expression experiments have shown that the cGMP-gated channel comprises TAX-2 and TAX-4 subunits, although the TAX-4 CNGA subunit can also homotetramerize to form a functional channel (Komatsu et al., 1999; Komatsu et al., 1996) . The C. elegans genome is also predicted to encode four less well-characterized members of the CNG channel family (CNG-1-CNG-4) (Cho et al., 2005; Cho et al., 2004; Smith et al., 2013) .
Here, we show that CNG channel subunits can be localized to different ciliary subcompartments in C. elegans, indicating that the subunit composition of CNG channels can vary across the cilium in a cell-type-specific manner. We demonstrate that ciliary localization of the CNGA and CNGB channel subunits is interdependent on other CNG subunits in individual sensory neuron types, and describe remarkable cell-type-specific diversity in the mechanisms that traffic and/or localize individual CNG channel subunits to cilia. We find little evidence of CNG channel turnover in specific ciliary subdomains, implying that CNG channels are not trafficked continuously throughout the cilium. Our results describe a striking complexity of CNG channel ciliary targeting and localization mechanisms in C. elegans that could contribute to specialized sensory transduction processes.
Results

Phylogenetic analyses of CNG channel subunit genes in Caenorhabditis nematodes
We first performed a detailed sequence and phylogenetic analysis of the predicted C. elegans CNG channel subunit genes, including the CNG-1-CNG-4 subunits. Orthologs of each of the six C. elegans CNG channel genes are encoded by the genomes of the closely related C. briggsae and C. remanei nematodes (Fig. 1) . The identities of the orthologs were further confirmed by determining that the chromosomal locations of the orthologous gene pairs are conserved between C. elegans and C. briggsae (Fig. 1A) . This is consistent with previous demonstrations of synteny conservation between 1:1 orthologs with high sequence identity in these two nematode species (Hillier et al., 2007; Vergara and Chen, 2010) . Although orthologs of tax-2, tax-4 and cng-1 are also present in other nematode genera, clear orthologs of cng-2, cng-3 and cng-4 appear to be absent in some nematodes such as Pristionchus pacificus and Brugia malayi, suggesting gene loss. The C. briggsae orthologs of cng-2-4 were identified by mining the orthology database InParanoid (Ostlund et al., 2010) , and the orthology confirmed by reconstructing their phylogenetic relationship. (B) Phylogenetic analysis of CNG channel subunits from C. elegans, C. briggsae, C. remanei, Bos taurus, Mus musculus and Homo sapiens. Inferred phylogeny was constructed using PhyML (Guindon et al., 2009) and derived from amino acid alignments using MUSCLE (Edgar, 2004) . The L-type voltage-gated Ca 2+ channels were used as an outgroup in the analysis. Reconstruction of Bayesian trees using MrBayes version 3.2 (Ronquist et al., 2012) generated the same tree topology (not shown).
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Phylogenetic analyses indicate that the nematode CNG-1-CNG-4 proteins are clearly divergent from previously identified CNGA and CNGB channel subunits ( Fig. 1B) . We tentatively assigned CNG-1 and CNG-3 to the CNGA, and CNG-2 and CNG-4 to the CNGB subfamilies on the basis of two sequence criteria. First, a Cterminal leucine zipper-like coiled-coil domain is found in mammalian CNGA but not in CNGB subunits and shown to play a role in correct subunit assembly (Shuart et al., 2011; Zhong et al., 2002) . Only TAX-4, CNG-1 and CNG-3 are predicted to contain a C-terminal coiled coil domain with high probability (supplementary material Fig. S1 ). Second, a glutamic acid or aspartic acid residue required to confer ion selectivity is present in the predicted pore domains of CNGA but not CNGB channel subunits (Eismann et al., 1994; Root and MacKinnon, 1993; Seifert et al., 1999) ; this residue appears to be present only in TAX-4, CNG-1 and CNG-3 (supplementary material Fig. S2 ). In addition, heterologous expression experiments indicate that CNG-1 and CNG-3 can modulate the properties of TAX-2-TAX-4 heterotetrameric channels (D.M.O'H., X. D. Zhang, N. D. L'Etoile and T.-Y. Chen, unpublished results). These observations indicate that Caenorhabditis nematodes contain multiple conserved and divergent CNG channel subunits that contribute to the modulation and diversification of CNG channel properties. Subsets of CNG channel subunit genes are co-expressed in sensory neurons tax-2, tax-4, cng-1, cng-3 and cng-4 are expressed in subsets of sensory neurons in C. elegans (Cho et al., 2005; Cho et al., 2004; Coburn and Bargmann, 1996; Komatsu et al., 1996; Smith et al., 2013 ) ( Fig. 2A ). Upstream regulatory sequences of cng-2 also drove gfp expression exclusively in six pairs of head sensory neurons in the adult ( Fig. 2A ). Expressing cells were identified by cell body position and overlap with cells that take up lipophilic dyes (Herman and Hedgecock, 1990; Perkins et al., 1986) . A cng-4p::gfp transcriptional fusion gene was also weakly expressed in neurons located around the posterior pharyngeal bulb ( Fig. 2A) ; two of the expressing neuronal cell types have been identified (Smith et al., 2013) . Although expression driven by these transgenes probably does not fully recapitulate their endogenous expression patterns, combined analyses of these expression patterns indicate that CNG channel subunit genes are co-expressed in multiple neuron types, with individual cells expressing several members of the CNGA and CNGB gene subfamilies ( Fig. 2B ). Thus, CNG channel subunits might multimerize in different configurations to mediate signal transduction in specific neurons.
CNG channel subunits localize to distinct ciliary subdomains in a cell-specific manner TAX-2 and TAX-4 are localized to sensory cilia in multiple sensory neuron types, and TAX-2 expression has also been observed in sensory neuron axons (Coburn and Bargmann, 1996; Komatsu et al., 1996) . We previously showed that TAX-2 is localized to a discrete proximal domain (termed the middle segments) of the AWB sensory cilia (Mukhopadhyay et al., 2008) , although localization in other sensory cilia has not been examined. To determine whether other C. elegans CNG channel subunits are also targeted to cilia and are localized to specific ciliary subdomains, we expressed functional GFP-tagged channel subunits in specific cell types (supplementary material Fig. S3 ). Extent of cng sequences present in the fusion constructs: cng-1, 1.2 kb upstream regulatory sequences of F14H8.6a; cng-2, 2.1 kb upstream regulatory and first ten exons of Y76B12C.1; cng-3, 764 bp upstream regulatory sequences of F38E11.12; cng-4, 772 bp upstream regulatory sequences of C23H5.7. Note that the expression pattern of cng-1 reported here differs from a previous report (Cho et al., 2005) probably due to differences in the extent of regulatory sequences used to drive gfp expression. cng-4p::gfp expression (shown here as a maximum projection confocal image) was too weak to reliably identify all expressing cells. Anterior is left. Scale bars: 20 mm. (B) Summary of CNG channel subunits known to be expressed in the indicated sensory neurons in the head amphid organ. Four sensory neurons (AWA, ADF, ASH and ADL) do not express any CNG channel subunits.
We selected the bilateral AWB and ASK chemosensory neurons in the head amphid organs for these analyses, because each expresses different sets of CNG channels ( Fig. 2B ), exhibits markedly distinct cilia morphologies (Perkins et al., 1986; Ward et al., 1975) , and requires different mechanisms of cilia biogenesis and ciliary protein transport (Kaplan et al., 2012; Mukhopadhyay et al., 2007; Olivier-Mason et al., 2013; Snow et al., 2004) . For instance, whereas the heterotrimeric Kinesin-II and homodimeric OSM-3 anterograde motors function redundantly to build the middle segments of both AWB and ASK-like cilia, OSM-3 is required to generate the distal segments of only ASK-like cilia, not AWB cilia (Mukhopadhyay et al., 2007; Snow et al., 2004) . In addition, mutations in proteins required for ciliary protein trafficking appear to affect ciliary transmembrane protein localization differently in AWB and ASK, or ASK-like cilia (Kaplan et al., 2012; Olivier-Mason et al., 2013) .
We verified that TAX-2::GFP expressed under an AWBspecific promoter was localized to a proximal region of each of the AWB neuron ciliary branches and excluded from the distal regions (Fig. 3A) . The region of TAX-2 localization was distal to the basal body and transition fiber zone marked by CHE-13::TagRFP IFT protein accumulation, as well as the transition zone marked by localization of an MKSR-2::TagRFP fusion protein (Bialas et al., 2009; Reiter et al., 2012; Williams et al., 2011) (Fig. 3A) . The region of TAX-2::GFP localization was instead reminiscent of the Inversin compartment observed in several cilia types in vertebrates (Shiba et al., 2009; Zhao and Malicki, 2011) . As in mammalian cells, the Inversin homolog NPHP-2 is localized to the middle segment in C. elegans sensory cilia and has a role in placement of the transition zone (Warburton-Pitt et al., 2012) . We found that localization of TAX-2::GFP in AWB cilia overlapped almost fully with that of NPHP-2::mCherry ( Fig. 3A , also see supplementary material Table S1 ). We did not observe TAX-2::GFP localization in AWB axons. Similar to TAX-2::GFP, TAX-4::GFP expressed under an AWB-specific promoter was also enriched at the middle segments and largely excluded from the basal body and transition fiber regions; however, this fusion protein was also Fig. 3 . CNG channel subunits are localized to distinct ciliary subdomains in a cell-specific manner. Colocalization of TAX-2::GFP, TAX-4::GFP and CNG-3::mCherry protein fusions in AWB (A) and TAX-2::GFP, TAX-4::GFP and CNG-3::GFP in ASK (B) cilia of adult hermaphrodites with the indicated fusion proteins marking ciliary subcompartments. Anterior is left. Scale bar: 5 mm. (C) Cartoons summarize localization patterns of examined CNG proteins in AWB and ASK cilia. Depicted channel subunit stoichiometry is hypothetical but based on previous observations showing that TAX-4, but not TAX-2, can form functional homomeric channels, and that TAX-2 and TAX-4 can heterotetramerize (Komatsu et al., 1999; Komatsu et al., 1996) . TZ, transition zone; BB, basal body (Reiter et al., 2012) . The middle and distal segments are defined as ciliary domains that contain doublet or singlet microtubules, respectively; the far-distal segment in AWB cilia was defined as a region that did not appear to contain an axoneme (Mukhopadhyay et al., 2007; Perkins et al., 1986; Ward et al., 1975) . present throughout the AWB ciliary branches (Fig. 3A) . Consistent with classification of CNG-3 as a CNGA subunit, localization of CNG-3::mCherry overlapped with that of TAX-4 in AWB cilia (Fig. 3A) . When expressed under an AWBspecific promoter, CNG-1::GFP and CNG-2::GFP were present only in the AWB cell bodies, whereas CNG-4::GFP expression was not detected (data not shown).
The localization of a subset of CNG channel subunits was distinct in the ASK cilia. When expressed under an ASK-specific promoter, TAX-2 and TAX-4 fusion proteins both localized to the middle segment, distal to the basal body and transition fiber region ( Fig. 3B ). CNG-3::GFP exhibited similar localization ( Fig. 3B ). CNG-1 expression was not detected, and both CNG-2 and CNG-4 fusion proteins were restricted to the ASK cell bodies (data not shown). Together, these observations show that whereas TAX-2 is localized to the middle segments of both AWB and ASK cilia, TAX-4 and CNG-3 are localized to the middle segments of ASK cilia, but are present throughout the branches of AWB cilia (summarized in Fig. 3C ).
Ciliary localization of CNG channel subunits is dependent on other CNG subunits in AWB and ASK sensory neurons
In mammals, CNGB1 is required for ciliary targeting of CNGA2 in several examined cell types (Hüttl et al., 2005; Jenkins et al., 2006; Michalakis et al., 2006) . Interestingly, although ciliary targeting of CNGA2 also requires CNGA4 in olfactory neurons (Michalakis et al., 2006) , CNGA4 is dispensable for this targeting in MDCK cells (Jenkins et al., 2006) suggesting possible cell-specific mechanisms of CNG ciliary targeting. We asked whether CNG channel subunits are interdependent for ciliary targeting in AWB and ASK. We found that ciliary localization of TAX-2 was fully dependent on TAX-4 in both AWB and ASK (Table 1) . Thus, in tax-4 mutants, we either did not observe any TAX-2::GFP expression, or observed expression only in the cell body (Table 1) . TAX-2::GFP might be degraded owing to mislocalization or failure to associate with TAX-4, as observed previously for other mislocalized CNG channels (Hüttl et al., 2005; Kizhatil et al., 2009; Michalakis et al., 2006) . The TAX-2::GFP expression defect in AWB in tax-4 mutants was rescued upon AWB-specific expression of tax-4 ( Table 2 ). Mutations in cng-3 affected TAX-2 ciliary localization only in ASK; this defect was rescued upon expression of cng-3 specifically in ASK (Table 2) . By contrast, ciliary localization of TAX-4 was independent of both TAX-2 and CNG-3 in AWB, but dependent on only TAX-2 in ASK (Table 1) . Similarly, the effects of mutations in tax-2 and tax-4 on localization of CNG-3 was different in AWB and ASK (Table 1) . We conclude that association of different TAX-4 and CNG-3 fusion proteins were localized to the entire AWB cilium; other fusion proteins in AWB and ASK were localized to the middle segments (see Fig. 3 ). c Differences among proportions in different categories were compared to respective wild-type values in the relevant neuron type for statistical significance unless indicated otherwise. P values were determined using a x 2 test of independence. Only differences at P,0.05 or lower are indicated. d Compared with values in tax-4 mutants. e Compared with values in cng-3 mutants. Animals were grown at 20˚C. n520-56 animals each. The same array was examined in wild-type and mutant backgrounds. n.d., not determined. 
,0.001 a TAX-2 and TAX-4 were fused to GFP. Expression in AWB and ASK was driven under the str-1 and srbc-66 promoters, respectively. Strains also carry CHE-13::tagRFP or mCherry fluorescent proteins expressed under the relevant cell-specific promoter. b MS, middle segment. c Differences among proportions in different categories were compared to respective wild-type values in the relevant neuron type for statistical significance unless indicated otherwise. P values were determined using a x 2 test of independence. Only differences at P,0.05 or lower are indicated. d Compared with values in nphp-2 mutants. e Compared with values in kap-1 mutants. Adult animals grown at 20˚C were examined. n520-60 animals each. Expression from the same array was examined in wild-type and mutant animals with the exception of the mks-1; mksr-2; mksr-1 triple mutant strain which was injected with the CNG channel subunit fusion constructs. In all cases, with the exception of osm-3 mutants, localization was visualized only in animals exhibiting normal overall ciliary morphology. channel subunits in a cell-specific manner is required for their efficient ciliary localization.
Ciliary localization of CNG channel proteins requires transacting mechanisms that function in a neuron-and subunitspecific manner
In addition to requiring specific CNG channel subunits, CNG channel trafficking to cilia has also been shown to depend on the KIF17 homodimeric kinesin-2 motor, the PACS-1 intracellular sorting protein and the Ankyrin-G membrane adaptor (Jenkins et al., 2006; Jenkins et al., 2009; Kizhatil et al., 2009 ). However, whether these represent general or cell-specific mechanisms of ciliary protein targeting is unclear. To identify molecules that play a role in ciliary targeting and localization of CNG channels in C. elegans, we analyzed CNG channel localization in animals mutant for genes implicated in multiple ciliary protein transport Fig. 4 . Different trans-acting factors are required for ciliary targeting and localization of TAX-2 and TAX-4 in AWB and ASK. (A-D) Localization of TAX-2 and TAX-4 fusion proteins in AWB and ASK cilia in the indicated genetic backgrounds. Fusion proteins or mCherry alone were expressed under the str-1 or srbc-66 promoters in AWB and ASK, respectively. Note that in D, protein localization was examined only in animals exhibiting normal AWB ciliary morphology. Numbers indicate the percentage of animals exhibiting the shown phenotype (see Table 2 ). Scale bar: 5 mm. Arrows indicate base of cilium in all images. (E) Summary of hypothesized requirement of proteins in trafficking and localization of TAX-2 and TAX-4 fusion proteins to the cilia of AWB and ASK. Proteins depicted as acting in the cell body might play a role in sorting or trafficking; proteins at the ciliary base might regulate trafficking into or out of the cilium; proteins shown as acting within the cilium might modulate anchoring or trafficking within the cilium. pathways (Emmer et al., 2010; Lim et al., 2011; Nachury et al., 2010; Pazour and Bloodgood, 2008) . In particular, we focused on the possible mechanisms restricting localization of TAX-2, but not TAX-4, to the middle segments of AWB cilia.
Inversin compartment components
In addition to being marked by the presence of NPHP-2/Inversin (Warburton-Pitt et al., 2012) , the middle segments of cilia in C. elegans are also enriched for the ADP ribosylation factor small GTPase ARL-13. ARL-13 has a role in ciliary transmembrane protein targeting and localization, and in the regulation of IFT (Cevik et al., 2010; Li et al., 2010; Li et al., 2012) . This domain is also enriched for polyglutamylated tubulin; alterations of levels of this post-translational modification, as in ccpp-1 deglutamylase mutants, result in altered ciliary protein transport and localization, and progressive ciliary degeneration defects (O'Hagan et al., 2011) . We asked whether proteins localized to the middle segments play a role in targeting or localization of CNG channels.
No effects were observed on TAX-2 localization in AWB cilia in arl-13, the related small GTPase arl-3 (Li et al., 2010) or ccpp-1 mutants (Table 2) . However, we found that the effects of NPHP-2/Inversin were both CNG channel subunit and cell-type specific. ,70% of nphp-2 mutants did not exhibit any TAX-2::GFP expression in AWB, suggesting that the protein is mislocalized and degraded (Table 2) . However, in animals in which expression could be observed, TAX-2::GFP was mislocalized throughout the cilium in a small number of animals (compare Fig. 4A and 4B ; Table 2 ), suggesting that NPHP-2 also plays a role in restricting TAX-2::GFP to the AWB ciliary middle segment. TAX-2::GFP ciliary localization defects were rescued upon AWB-specific expression of nphp-2 (Table 2) . No effects were observed on TAX-4::GFP localization in AWB (Table 2 ). In ASK, TAX-4::GFP, but not TAX-2::GFP, accumulated at the distal dendritic regions ( Fig. 4B ; Table 2 ). Interestingly, TAX-4 continued to be excluded from the basal body and transition fiber region of ASK cilia in these animals (Fig. 4B) .
NPHP-2/Inversin contains an ankyrin repeat domain implicated in protein-protein interactions Mosavi et al., 2004; Warburton-Pitt et al., 2012) . The ankyrin repeat domain of Inversin has been shown to be sufficient for ciliary localization of Inversin in nodal but not kidney cilia in mice, and rescues the left-right asymmetry defects of Inversin mutants (Watanabe et al., 2003) . We asked whether the ankyrin repeats of NPHP-2 (NPHP-2-AKR) are sufficient to target and/or restrict TAX-2 localization to the AWB ciliary middle segments. We found that a NPHP-2-AKR::mCherry fusion protein was localized to AWB cilia, but unlike full-length NPHP-2 protein, was present throughout the ciliary branches (supplementary material Table S1). However, expression of this domain did not restore TAX-2 localization to the AWB cilia in nphp-2 mutants (supplementary material Table S1), suggesting that the ankyrin repeats of NPHP-2 are not sufficient to target TAX-2 to cilia.
Transition zone components
Because NPHP-2 plays a role in regulating correct transition zone placement (Warburton-Pitt et al., 2012) , and mutations in transition zone proteins have been shown to result in defects in ciliary protein sorting and composition (Chih et al., 2012; Craige et al., 2010; Czarnecki and Shah, 2012; McEwen et al., 2007;  Shiba and Yokoyama, 2012; Williams et al., 2011), we next determined whether mutations in transition zone proteins alter localization of CNG channel subunits. Proteins in the transition zone region include septin, as well as a large complex of proteins such as NPHP and MKS, which are implicated in nephronophthisis and Meckel-Gruber syndromes; many of these proteins interact with each other genetically and physically, and comprise a ciliary diffusion barrier or ciliary gate (Bialas et al., 2009; Chih et al., 2012; Czarnecki and Shah, 2012; Hu et al., 2010; Hu and Nelson, 2011; Jauregui and Barr, 2005; Sang et al., 2011; Shiba and Yokoyama, 2012; Williams et al., 2011) . We saw no effects on TAX-2 localization in nphp-1, nphp-4 or unc-59 septin single mutants in AWB cilia (Table 2) . However, both TAX-2 and TAX-4 were mislocalized in mks-1; mksr-2; mksr-1 triple mutants (Bialas et al., 2009) in AWB such that both fusion proteins accumulated at the ciliary base or distal dendritic regions in a subset of examined AWB cilia ( Fig. 4C ; Table 2) . Surprisingly, TAX-2 and TAX-4 localization was unaltered in ASK cilia in mks-1; mksr-2; mksr-1 animals ( Table 2) . Consistent with previous observations that MKS-1, MKSR-1 and MKSR-2 are not essential for cilia formation, AWB or ASK cilia morphologies were not grossly altered in mks-1; mksr-2; mksr-1 triple mutants ( Fig. 4C and not shown).
Vesicular transport pathways
To determine whether proteins involved in exocytic vesicular transport of ciliary proteins are required for CNG channel localization, we examined animals mutant for the BBSome complex component bbs-8 and the rab-8 small GTPase. Although mutations in rab-8 did not affect CNG channel subunit localization in either AWB or ASK, a large fraction of bbs-8 mutant animals failed to exhibit TAX-4::GFP expression in ASK (Table 2) .
Molecular motors
Ciliary targeting of olfactory CNG channels requires active transport through the KIF17/OSM-3 homodimeric kinesin-2 motor (Jenkins et al., 2006) . As mentioned above, both heterotrimeric Kinesin-II and OSM-3 anterograde motors are required for ciliogenesis of AWB and ASK, albeit by distinct mechanisms (Mukhopadhyay et al., 2007; Snow et al., 2004) . We asked whether motor-driven transport is required to target CNG channels to AWB or ASK cilia. Mutations in the Kinesin-II motor accessory subunit kap-1 resulted in altered localization of both TAX-2 and TAX-4 fusion proteins in AWB cilia in ,30-45% of examined animals ( Fig. 4D ; Table 2 ). In these animals, both TAX-2 and TAX-4 fusion proteins accumulated at the distal dendritic regions, with little or no localization in the AWB ciliary axonemes, despite the presence of normal ciliary morphology ( Fig. 4D ; Table 2 ). The localization defect of TAX-2 in AWB was rescued upon cell-specific expression of kap-1 (Table 2) . However, in ASK, although a large fraction of animals failed to express TAX-2::GFP, both fusion proteins were localized normally in expressing animals ( Table 2) . We did not observe effects of osm-3 mutations on CNG channel localization in either AWB or ASK cilia (Table 2) , although ASK cilia were truncated, as noted previously (Perkins et al., 1986) .
Other candidate proteins
We also examined animals mutant for genes previously implicated in targeting of CNG channel subunits in other organisms. Ciliary targeting of CNGB1b requires interaction with PACS-1, and CK2-mediated phosphorylation of both PACS-1 and CNGB1b (Jenkins et al., 2009 ). However, localization of TAX-2 and TAX-4 was largely unaffected in tag-232 PACS-1 mutants in AWB or ASK cilia (Table 2) . We could not easily examine kin-3/kin-10 CK2 mutants because mutations in these genes result in lethality . Ankyrin-G is required to traffic the CNGB1 subunit to photoreceptor cilia in mammals (Kizhatil et al., 2009) . We observed mislocalization of TAX-4::GFP to the distal dendrites of AWB neurons in animals mutant for unc-44, the sole ankyrin gene encoded by the C. elegans genome (Hedgecock et al., 1985; Otsuka et al., 1995) (Table 2) . No effects were observed on TAX-2 localization in AWB or ASK, or TAX-4 localization in ASK in unc-44 mutants ( Table 2) . We also asked whether sensory activity is required for correct CNG channel trafficking and localization. However, mutations in the odr-1 receptor guanylyl cyclase, which is required for AWB sensory functions (L'Etoile and Bargmann, 2000) , did not affect TAX-2 localization in AWB (Table 2) .
Finally, we examined a role for the DAF-25/Ankmy2 MYND domain protein in CNG channel localization. DAF-25 was recently shown to be required to target receptor guanylyl cyclases to sensory cilia in C. elegans (Fujiwara et al., 2010; Jensen et al., 2010) , suggesting a possible role in localizing cGMP signaling cascade components. We found that in AWB, TAX-4::GFP localization was unaffected, whereas TAX-2::GFP expression was either lost or restricted to the cell bodies ( Table 2) . Expression of both CNG channel subunits was nearly fully abolished in ASK in daf-25 mutants ( Table 2) . Although the effects of loss of daf-25 and nphp-2 functions on CNG channel subunit localization are not identical, we investigated whether DAF-25 mediates TAX-2 ciliary localization in AWB in part by regulation of localization of NPHP-2. Indeed, we found that .70% of examined daf-25 mutants failed to express NPHP-2 in AWB (supplementary material Table S1), suggesting that DAF-25 regulates ciliary localization of TAX-2 in part by regulation of localization or trafficking of NPHP-2 in AWB. Thus, DAF-25 appears to play a crucial role in trafficking and/or sorting of multiple, but not all, proteins implicated in cGMP signaling in a cell-specific manner. Together, these results indicate that CNG channels are targeted and localized to AWB and ASK cilia through diverse cell-and protein-specific mechanisms (summarized in Fig. 4E ).
TAX-2 and TAX-4 fusion proteins are immobile in ASK and AWB cilia middle segments
Ciliary transmembrane proteins, including mammalian CNG channels, are mobile within the ciliary membrane, although diffusion into the cilium proper is restricted by the ciliary diffusion barrier (Chih et al., 2012; Hu et al., 2010; Jenkins et al., 2006) . We asked whether TAX-2 and TAX-4 fusion proteins are also mobile within the ASK and AWB cilium by quantifying fluorescence recovery after photobleaching (FRAP).
We first photobleached the middle segments of AWB cilia expressing TAX-2::GFP, TAX-4::GFP or the ODR-10::GFP GPCR fusion proteins. Although we observed partial recovery of ODR-10::GFP with a t 1/2 of ,14.461.9 seconds (Fig. 5A,E) , we observed little to no fluorescence recovery of TAX-2::GFP or TAX-4::GFP even after 20 minutes (Fig. 5B,E) . In particular, no fluorescence recovery was observed when one ciliary branch expressing TAX-2::GFP was photobleached while sparing the other branch (Fig. 5B) , indicating that TAX-2::GFP does not exchange between the two branches. We also observed no significant recovery of TAX-4::GFP fluorescence upon photobleaching an area in the middle segment of ASK cilia (Fig. 5C,E) . Photobleaching the distal segment of AWB cilia expressing TAX-4::GFP resulted in partial recovery of fluorescence ( Fig. 5D,E; t 1/2 59.762.2 minutes) . The timescale, although not the extent, of TAX-4::GFP fluorescence recovery in the AWB cilia distal segment is similar to that observed upon photobleaching fluorescent reporter-tagged CNGA2 subunits in the more distal regions of primary cilia in MDCK cells; ,75% of CNGA2 subunits were shown to be mobile in these cilia with a recovery time constant of ,10 minutes (Jenkins et al., 2006) . These results suggest that TAX-4 and TAX-2 are relatively immobile within AWB or ASK cilia middle segments.
C-terminal sequences in TAX-2 and TAX-4 are necessary and partly sufficient for ciliary subdomain localization
Sequences in the CNGB1 subunit required for ciliary targeting have been identified. These include a C-terminal RVxP motif (Jenkins et al., 2006) , a seven amino acid sequence in the Cterminus that is required for interaction with Ankyrin-G (Kizhatil et al., 2009) , and N-terminal sequences that are phosphorylated by CK2 and are required for interaction with the PACS-1 protein Fig. 6 . Sequences in TAX-2 and TAX-4 required for ciliary localization. (A,B) Expression of GFP-tagged fulllength or truncated TAX-2 (A) or TAX-4 (B) proteins in AWB and ASK. Proteins were expressed in AWB and ASK under the str-1 or srbc-66 promoters, respectively. S1-S6, transmembrane regions; P, P loop; CNBD, cNMP binding domain; LZ, leucine zipper; no exp., no expression; MS, middle segments. Lack of expression of mutated proteins could result from altered protein trafficking, stability or membrane targeting. (C,D) Expression of indicated chimeric fusion proteins in AWB. (E) Localization pattern of TAX-4/2::GFP in AWB cilia. The TAX-4/2::GFP fusion protein and mCherry were driven under the str-1 promoter. Quantification of average relative fluorescence intensities of fulllength TAX-2::GFP, full-length TAX-4:GFP and TAX-4/2::GFP across AWB cilia are shown on the right. Arrow indicates point of initiation of fluorescence intensity measurements. Distribution of TAX-4/2 is different from that of TAX-4 at P,0.001, but statistically indistinguishable from that of TAX-2 (ANOVA and post-hoc correction for multiple comparisons). n510 cilia each. Scale bar: 5 mm. (Jenkins et al., 2009) . We identified an RVRP motif in the Cterminus of TAX-4 (not shown), but did not detect other known CNG channel ciliary targeting sequences in either TAX-2 or TAX-4, suggesting that these proteins are targeted to cilia through alternative cis-acting sequences.
To identify residues required for ciliary localization, we generated GFP-tagged fusion TAX-2 and TAX-4 fusion constructs lacking defined amino acid sequences and examined expression of GFP in AWB and ASK. We found that a truncated TAX-2 protein lacking the C-terminal 100 amino acids [TAX-2(1-700)] continued to be localized to the AWB and ASK middle segments similar to full-length TAX-2 (Fig. 6A) . Further deletion of all C-terminal residues up to but not including the cNMP binding domain (CNBD) [TAX-2(1-667)] also remained localized to the AWB cilia middle segments (Fig. 6A ). However, truncation of an additional 17 amino acids [TAX-2(1-650)] including 14 amino acids comprising the highly conserved cNMP binding domain resulted in loss of expression with a small fraction of animals exhibiting weak expression only in the cell bodies (Fig. 6A) . Substitution of the conserved isoleucine and leucine (651,652) residues within the required sequences in the CNBD with alanines in the context of the full-length TAX-2 fusion protein also resulted in loss of expression ( Fig. 6A ). Taken together, these results suggest that the C-terminal domain of TAX-2 is dispensable for ciliary localization but that residues in the cNMP binding domain might mediate TAX-2 membrane targeting, ciliary trafficking or protein stability either directly or indirectly through association with TAX-4.
In the case of TAX-4, we found that truncation of the Cterminal 50 amino acids [TAX-4(1-708)] including the RVRP motif had little or no effect on ciliary localization of the GFPtagged protein in either AWB or ASK (Fig. 6B ). However, deletion of an additional 25 amino acids [TAX-4(1-683)] resulted in loss of GFP expression in both AWB and ASK with only ,25-30% of examined animals expressing GFP in cell bodies (Fig. 6B) . Thus, C-terminal residues in TAX-4 might be important for correct ciliary trafficking and/or protein stability.
We next asked whether the C-terminal sequences of TAX-2 and TAX-4 are sufficient to confer ciliary targeting and subdomain localization. To address this issue, we generated TAX-2-TAX-4 (TAX-2/4) chimeras fused to GFP and examined localization in AWB. In the TAX-2/4 chimera, C-terminal sequences downstream of the cyclic nucleotide-binding domain of TAX-2 were replaced with the C-terminal 106 amino acids of TAX-4 including the leucine zipper-like coiled coil domain (Fig. 6C) . In the TAX-4/2 chimera, all sequences C-terminal to the leucine zipper domain in TAX-4 were replaced with the Cterminal 100 amino acids of TAX-2 ( Fig. 6D) . Although the TAX-2/4 chimeric fusion protein was either not expressed or remained in the AWB cell bodies (Fig. 6C) , the ciliary localization pattern of the TAX-4/2::GFP chimeric protein partly resembled that of TAX-2 (Fig. 6E) . The chimeric TAX-4/2 protein weakly rescued AWB-mediated sensory behaviors in tax-4 mutants (supplementary material Fig. S3 ), suggesting that appropriate ciliary subdomain localization is important for channel function. However, it is also possible that the TAX-4/2 chimeric channel has altered channel properties. Our observations suggest that ciliary targeting or localization signals are distributed in TAX-2, such that although the Cterminal domain is not necessary, it is partly sufficient for localization of CNG channels to the AWB cilia middle segments.
Discussion
We found that the subunit composition of CNG channels varies across the cilium in a cell-type-specific manner. Moreover, the targeting and localization of these subunits to distinct ciliary subcompartments is regulated by multiple mechanisms whose roles are also distinct in individual sensory neuron types. Our results indicate that the localization of CNG channel subunits in cilia is highly regulated, and suggest that diversity in ciliary targeting and localization mechanisms contributes to the sculpting of ciliary signaling microdomains and precision in cell-specific sensory transduction.
Differential localization of CNG channel subunits could define ciliary signaling subcompartments
We and others have previously shown that candidate G-proteincoupled chemosensory receptors are also localized to sensory neuron cilia in C. elegans (e.g. Colosimo et al., 2004; Kim et al., 2009; McGrath et al., 2011; Sengupta et al., 1996; Troemel et al., 1995) . However, these receptors are not restricted to a specific ciliary subdomain, but are distributed throughout the cilia in the examined cell types. By contrast, TAX-2, CNG-3 and TAX-4 are all localized to the middle segment in ASK cilia. In AWB cilia, whereas TAX-2 is similarly restricted in localization, TAX-4 and CNG-3 are also present in the distal segments. Thus, although the middle segments of ASK and AWB cilia might contain CNG channels that include TAX-2, channels in the AWB cilia distal segments do not contain this subunit. Given the role of CNG channel stoichiometry in regulating channel properties (Bönigk et al., 1999; Dzeja et al., 1999; Frings et al., 1995; Kaupp and Seifert, 2002) , these observations suggest that the distal and middle ciliary domains in AWB mediate distinct signal transduction processes.
What purpose does heterogeneity in CNG channel composition across the AWB cilia serve? It is likely that TAX-2 and TAX-4 are the primary CNG channel subunits in C. elegans because mutations in either of these genes severely affects neuronal functions, whereas mutations in other examined CNG subunit genes lead to more minor defects (Cho et al., 2005; Cho et al., 2004; Coburn and Bargmann, 1996; Dusenbery et al., 1975; Komatsu et al., 1996; Smith et al., 2013) . TAX-4 can homotetramerize in the AWB cilia distal segments to mediate signal transduction. The single channel properties of TAX-4 homotetrameric channels are distinct from TAX-4-TAX-2 heterotetrameric channels upon misexpression in heterologous cells (Komatsu et al., 1999; Komatsu et al., 1996) . For instance, the EC 50 values for cGMP are higher for the TAX-2-TAX-4 channel than for TAX-4 channels alone (Komatsu et al., 1999) . The ASK neurons respond to water-soluble attractive chemicals (Bargmann and Horvitz, 1991a; Kim et al., 2009; Macosko et al., 2009) , whereas AWB generally responds to volatile repellent chemicals (Ha et al., 2010; Pradel et al., 2007; Troemel et al., 1997) . We speculate that heterogeneity in channel composition across the cilium increases the dynamic range of the response, thereby allowing the AWB neurons to respond to toxic chemicals over a wider concentration range.
Clustering of signaling molecules including channels in specific ciliary subdomains has been noted previously. In vertebrate olfactory cilia, both CNG channels and Ca 2+ -gated chloride channels required for signal amplification are suggested to be clustered at the proximal end of the distal ciliary segment (Badamdorj et al., 2008; Flannery et al., 2006; Matsuzaki et al., 1999) , although there might be organism-specific differences (Lowe and Gold, 1991; Takeuchi and Kurahashi, 2008) . In Drosophila mechanosensory organs, a TRPN channel required for primary mechanotransduction is localized to the distal ciliary region, whereas TRPV channels that regulate signal amplification are instead localized to a proximal zone (Cheng et al., 2010; Lee et al., 2010; Liang et al., 2011) . Similarly, the PKD-2 polycystin 2 channel is enriched in the proximal regions of male sensory neuron cilia in C. elegans Barr et al., 2001; Barr and Sternberg, 1999) , and signaling proteins are also localized non-uniformly in Chlamydomonas flagella (Fujiu et al., 2009; Iomini et al., 2006) . Thus, differential clustering of signaling molecules to specific sensory cilia subdomains could be a general mechanism to increase response sensitivity and fidelity.
A diversity of targeting and localization mechanisms regulates CNG channel subunit localization to AWB and ASK cilia Ciliary trafficking of CNG channels has been examined in only a limited number of cell types, including photoreceptors. We found that the trafficking and ciliary localization of individual CNG channel subunits appears to be regulated in a distinct manner in different cell types. For instance, the role of the Kinesin-II motor in ciliary trafficking of TAX-2 and TAX-4 is distinct in AWB and ASK. Similarly, ciliary trafficking and localization of TAX-2 and TAX-4 are affected differently in AWB and ASK in mks-1; mksr-2; mksr-1 triple mutants. This diversity of trafficking and localization mechanisms might be related in part to the diversity of AWB and ASK cilia structures. The middle segment of the AWB cilia is much shorter than that in the ASK cilia, and is built by distinct IFT motor mechanisms (Mukhopadhyay et al., 2007) . Similarly, the transition zone composition and structures might be partly distinct in the two neuron types. Diversity in trafficking and localization mechanisms has also been suggested to play a role in targeting polycystin channels to the sensory cilia of C. elegans males (Bae et al., 2008; Bae et al., 2006) .
A surprising observation was our finding that CNG channel subunits are relatively immobile within either the AWB or ASK middle segment ciliary membrane, although they exhibit limited mobility in the distal segments. This is in contrast to other transmembrane signaling molecules, such as GPCRs and TRPV channels, which appear to move throughout C. elegans cilia (Kaplan et al., 2012; Olivier-Mason et al., 2013; Qin et al., 2005) . However, the Kinesin-II motor subunit appears to play a role in regulating correct TAX-2 and TAX-4 localization to the AWB cilia because in kap-1 mutants, we observed accumulation of these fusion proteins at the dendritic tip in a subset of cells. This accumulation is similar to the accumulation of the PKD-2::GFP polycystin fusion protein observed at the ciliary base of the CEM male sensory neurons in Kinesin-II and the klp-6 kinesin-3 mutant backgrounds Peden and Barr, 2005) . It has been suggested and/or shown that IFT plays a role in regulating ciliary abundance of membrane proteins such as PKD-2 in C. elegans cilia, and PKD2 and the CAV2 Ca 2+ channel in Chlamydomonas flagella Fujiu et al., 2009; Huang et al., 2007; Qin et al., 2001; Qin et al., 2005) , although similar to observations reported here, no movement of PKD-2 has been observed in C. elegans sensory cilia (Qin et al., 2005) . The absence of significant recovery of CNG channel fusion protein fluorescence in AWB and ASK cilia upon photobleaching the middle segments argues against a requirement for IFT in maintaining ciliary localization of these channels in these domains under the examined conditions. One possibility is that these proteins are trafficked through IFT or other mechanisms to cilia middle segments early in development, but are irreversibly anchored once localized, perhaps in association with lipid rafts (Brady et al., 2004; Ding et al., 2008) . An alternative hypothesis is that CNG channel turnover in the middle segments is initiated only under defined conditions. For instance, we previously showed that sensory cilia morphologies are modified by sensory activity, and that this modification requires Kinesin-II (Mukhopadhyay et al., 2008) . Thus, specific sensory signals might trigger IFT-mediated CNG channel trafficking in the middle ciliary segments. The ciliary diffusion barrier could also restrict movement of CNG channels into the cilium consistent with cell-specific defects in CNG channel ciliary localization in transition zone mutants. Complexity in CNG channel composition and ciliary targeting and localization mechanisms might provide a template for the action of multiple regulatory mechanisms. These mechanisms ensure that the sensory functions of the cell are optimized for the prevailing conditions and must, therefore, necessarily be distinct in different cell types. It will be interesting to determine whether similar complexity regulates the ciliary localization of CNG channel and other signaling proteins across cell types in other organisms.
Materials and Methods
Strains
Animals were grown on OP50 bacteria at 20˚C using standard procedures. Transgenic strains were generated by microinjecting plasmids expressing fusion proteins or fluorescent reporters under the str-1 and srbc-66 promoters at 5 and 10 ng/ml, respectively. unc-122p::gfp (50 ng/ml) was used as a co-injection marker. The presence of mutations in strains was confirmed by PCR-based genotyping, sequencing or visible phenotypes.
Phylogenetic analyses
Cyclic nucleotide-gated channel subunit sequences were sourced from WormBase (www.wormbase.org) and GenBank. In the case of the C. elegans CNG channel subunits CNG-2, CNG-3 and CNG-4, orthologs were identified in C. briggsae through reciprocal BlastP searches and by inferring phylogenetic relationships. Orthologs in other nematodes were detected using the orthology database InParanoid (Ostlund et al., 2010) , and orthologs from mammals were sourced using InParanoid and BlastO (Zhou and Landweber, 2007) . Chromosomal locations of C. briggsae CNG channel subunits were mined from WormBase.
Orthologs were aligned using the multiple sequence alignment software MUSCLE v3.8.31 (Edgar, 2004) , and gaps were systematically stripped after alignment. Phylogenetic relationships were inferred by reconstructing trees by maximum likelihood using the PhyML command-line interface (Guindon and Gascuel, 2003 ). The appropriate model was selected using ProtTest v.3 (Darriba et al., 2011) , and determined from 120 models to be the LG+G model (Le and Gascuel, 2008) with gamma distribution parameter51.2, and four substitution rate categories. Bayesian trees were constructed using MrBayes version 3.2 (Ronquist et al., 2012) and the related WAG model (Whelan and Goldman, 2001) . The analysis used a Markov Chain Monte Carlo (MCMC) method that ran for 3 million generations, sampled every tenth generation.
Molecular biology str-1p::tax-2::gfp and str-1p::tax-4::gfp constructs were generated as described (Mukhopadhyay et al., 2008) . srbc-66p::tax-2::gfp and srbc-66p::tax-4::gfp constructs were generated by fusing tax-2 and tax-4 cDNAs in frame to gfp in an expression vector containing 2.1 kb of srbc-66 upstream regulatory sequences (Kim et al., 2009 ). Truncated tax-2 and tax-4 sequences were generated by PCR using iProof polymerase (Bio-Rad) and replaced full-length tax-2 or tax-4 coding sequences in str-1p::tax-2::gfp or srbc-66p::tax-2::gfp expression vectors. Point mutations were made using the QuikChange Lightning Site-Directed Mutagenesis kit (Agilent). The NPHP-2-AKR construct contains aa 1-408 of NPHP-2 that includes the 12 ankyrin repeat domains. For cell-specific rescue of protein localization, gfp coding sequences in the above constructs were deleted and replaced with a stop codon. All constructs were confirmed by sequencing.
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Chemotaxis assays 2-nonanone repulsion assays were carried out essentially as described (Troemel et al., 1997) .
Microscopy
Animals were anesthetized with 10 mM tetramisole and mounted on agarose pads set on microscope slides. Images were captured on an inverted spinning-disk microscope (Zeiss Axiovert with a Yokogawa CSU-22 spinning-disk confocal head). SlideBook 5.0 software (Intelligent Imaging Innovations, 3i) was used to capture optical sections of cilia at 0.25 mm intervals. Images were z-projected at maximum intensity values. Intensity values were measured using ImageJ software (National Institutes of Health).
FRAP
Photobleaching of TAX-2::GFP, TAX-4::GFP, and ODR-10::GFP ciliary signals was performed using a MicroPoint laser system (Photonic Instruments) equipped with an NL100 nitrogen laser (Stanford Research Systems). Equivalent laser intensity (35%), repetitions (1), exposure time (100 mseconds), and gain/offset were applied to all FRAP experiments. Fluorescence intensity for TAX-2::GFP and TAX-4::GFP was recorded prior to photobleaching and post-photobleaching at timepoints: 0, 1, 5, 10, 15 and 20 minutes. Fluorescence intensity when photobleaching ODR-10::GFP was recorded every 1 second. For TAX-2::GFP and TAX-4::GFP, maximum projection images, consisting of three z-planes at 0.25 mm intervals, were captured using Slidebook 5.0 software. Absolute intensity values were calculated for the photobleached region by subtracting the background. Calculated intensity ratios of the photobleached region were normalized against mock photobleached animals over an identical time course. Percentage recovery of signal following photobleaching was then plotted against time post-photobleach. The mobile fraction (M f ) and the half-time of equilibration (t 1/2 ) were calculated as described (Bancaud et al., 2010) .
